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A constrained ferroelectricity is found in the s001d-textured PbZrO3/BaZrO3 superlattice films
having an average composition of sPb0.75Ba0.25dZrO3, which is characterized by the linear
dependence of remanent polarization sPrd and coercive field sEcd on the applied voltage and its
stability against temperature change up to 100 °C. A model based on equilibrium of electrostatic
energy in dielectric stressing of the superlattice and polarization switching in the ferroelectric
sublayer is proposed. The dielectric constant evaluated from a fitting of the measured Pr and Ec
relations to the model is consistent to that obtained from impedance measurement. The thermal
stability of this “linear” ferroelectricity can be also explained by the temperature-insensitive
permittivity of the superlattice films, according to the proposed model. © 2005 American Institute
of Physics. fDOI: 10.1063/1.1873048g
Ferroelectric superlattices have been extensively studied
in recent years due to their scientific importance and techno-
logical promise.1–4 The superlattice is fabricated with alter-
nating layers heteroepitaxially grown on each other in na-
nometer scale to provide strain manipulation of the structure.
Properties markedly different from the intrinsic ones of
ferroelectric films, e.g., giant dielectric constant,5–8 ferroelec-
tricity enhancement,9–11 shift of Curie temperature sTcd for
ferroelectric-paraelectric transition,12–14 and change of
acoustic resonance frequency,15–17 etc., can be obtained from
the strain manipulation. The ferroelectric property is charac-
terized by the polarization–electric field sP–Ed hysteresis be-
havior in association with the reorientation of spontaneous
polarization in the materials, in which the switching of the
spontaneous polarization takes place rapidly at the coercive
field sEcd and, gradually reaches the saturation state with
increasing the applied voltage sVad, giving rise to a nonlinear
change of remanent polarization sPrd with respect to the
Va.
18 Thus, the application of ferroelectric materials is
mostly based on the two reversible polar states of Pr. How-
ever, in this article, we like to report that a range of linear
increase of Pr value against Va can be achieved from the
ferroelectric superlattices of PbZrO3/BaZrO3, which could
be useful for new applications.
The PbZrO3 sPZOd and BaZrO3 sBZOd are antiferroelec-
tric and paraelectric compounds, respectively, but their
solid solution, sPb1−xBaxdZrO3, with x=0.2–0.4 is
ferroelectric.19,20 The superlattices of PZO/BZO with a fixed
sublayer-thickness ratio of 3 /1, which corresponds to an av-
erage composition of sPb0.75Ba0.25dZrO3, were fabricated on
a highly s001d-oriented LaNiO3 sLNOd electrode, precoated
on the Pt/Ti/SiO2/Si substrate, by rf-magnetron sputtering
at 475 °C in an Ar/O2 s10%d ambient. Different stacking
periodicities of PZO/BZO ranging from 1.5 nm/0.5 nm to
12 nm/4 nm with a total thickness of ,120 nm were
adopted. For a comparison, a sPb0.75Ba0.25dZrO3 sPBZd film
having the same thickness was also prepared. All the films
have a strong s001d-textured structure as that of LNO elec-
trode due to lattice-coherent growth on LNO.21 The forma-
tion of the superlattice structure was confirmed by the ap-
pearance of satellite peaks around the s001d diffraction of the
x ray, and the coherency of lattice between the sublayers
observed from cross-sectional high resolution transmission
electron microscopy, as shown in Fig. 1.
The PZO/BZO superlatice films exhibit normal charac-
teristic of P–E hysteresis as that of the PBZ film, although it
becomes weakened with increasing the stacking period. The
changes of Pr and Ec, measured at room temperature sR.T.d
and 100 °C, as a function of Va, are depicted in Fig. 2sad. It
is interesting to see that both Pr and Ec values linearly in-
crease from zero axes with Va for all the superlattice films,
which is different from the nonlinear relation usually ob-
served, such as that of PBZ film shown in the same figure.
Moreover, the linearity as well as the Pr and Ec values re-
mains unchanged with increasing the temperature up to
100 °C for the superlattice films, but those of the PBZ film
decrease by ,15%. Pulse polarization measurements also
confirm the different ferroelectric behaviors, as illustrated in
Fig. 2sbd. The PBZ film only shows a linear relation in very
low voltage regime. However, the PZO/BZO superlattices
have a linear relation widely extended from zero axes, and
FIG. 1. Cross-sectional lattice image of the PZOs6 nmd /BZOs2 nmd super-
lattice from high resolution transmission microscopy.
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the reduction of pulse width only slightly decreases the po-
larization value.
A model of constrained ferroelectricity is, thus, pro-
posed. For antiferroelectric PZO, the ferroelectric phase can
be induced by electric or mechanical stress,22,23 and the in-
plane coherency strain in the superlattice has caused the tran-
sition of PZO sublayer into ferroelectric state.24 Accordingly,
the superlattice can be considered as a series capacitor com-
prising of a paraelectric capacitor, Cp, of BZO and a ferro-
electric capacitor, Cf, of PZO. For Va applied to the series
capacitor, the interfacial charge-balance between that from
dielectric stressing of Cp and that from the sum of dielectric
stressing and polarization switching of Cf gives
CpVp = CfVf + Pf s1d
in which Vp and Vf are the respective voltage components
dropped on Cp and Cf, and Pf is nonsaturated polarization of
switching in Cf. As Vp+Vf =Va, we have
Vp =
Cf
Cp + Cf
Va +
1
Cp + Cf
Pf , s2d
Vf =
Cp
Cp + Cf
Va −
1
Cp + Cf
Pf . s3d
The electrostatic energy, Ee, stored in the series capacitor at
Va will be:
Ee = 12 sCpVp
2 + CfVf
2d − PfVf . s4d
The equilibrium state of polarization switching is achieved at
so`Ee / o`PfdVa=0, which gives
Pf
e
=
Cp
3
Va. s5d
It indicates that the polarization switching in Cf is con-
strained by the dielectric stressing in Cp. Because the BZO
has a voltage-independent dielectricity, Eq. s5d provides a
linear dependence of the constrained polarization, Pf
e
, on Va.
After the release of Va, the constrained polarization could
remain in Cf, assuming that the reverse polarization induced
by depolarization field or elastic stress is negligible,
and, thus, built-in voltages of Vps0d= Pf
e / sCp+Cfd and
Vfs0d=−Pf
e / sCp+Cfd result from Eqs. s2d and s3d. The mea-
sured value of Pr corresponds to the polarization charge in
Cp, CpVps0d, or the net charge in Cf, CfVfs0d+ Pf
e
. Therefore,
we have a linear dependence of Pr on Va;
Pr =
Cp
2
3sCp + Cfd
Va. s6d
Furthermore, the dielectric polarization in Cp would go to
zero when a coercive voltage, −Vc is applied. Use Eqs. s2d
and s5d, and take Pfe at −Vc and Va into consideration, we
have a linear relation for Ec,
Ec =
Cp
sCp + 3Cfdsdp + dfd
Va, s7d
where dp and df are the respective thickness of paraelectric
and ferroelectric layers. Since only two unknowns, Cp and
Cf, are involved in Eqs. s6d and s7d, their values can be
determined from the slopes of linear plots of Pr and Ec ver-
sus Va shown in Fig. 2sad. The respective dielectric constants
of BZO and PZO sublayers, kBZO and kPZO, can be then
evaluated, and so is that, kPZO/BZO, of the superlattices. The
results are shown in Fig. 3, and also the measured value skmd
of the superlattices from impedance analyzer. The evaluated
values of kPZO/BZO are well consistent with those, km, inde-
pendently obtained from impedance measurement. More-
over, the values, either those of sublayers or that of superlat-
tice, increase with decreasing the stacking period. The c-axis
parameters evaluated from the main peak position in x-ray
diffraction of the superlattices are also plotted in Fig. 3. It
enlarges with decreasing the stacking period, and all of them
are larger than that of the PBZ film. The result is consistent
to that of BaTiO3/SrTiO3 sRefs. 2 and 3d or SrTiO3/BaZrO3
sRef. 9d systems, in which an enhancement of dielectric con-
stant and ferroelectricity is induced by the large in-plane co-
herency strain.25
To have the thermal stability of the observed “linear”
ferroelectricity, Eqs. s6d and s7d suggest that the permittivity
of the constituent layers should be insensitive to temperature,
FIG. 2. sad The change of remanent polarization, Pr, and coercive field, Ec,
measured at room temperature and 100 °C, against applied voltage, for PBZ
and PZO/BZO superlattices having different stacking period. sbd Pulse po-
larization, DP, vs pulse voltage of different pulse width, for PBZ film and
PZO/BZO superlattice. Inset shows the data in low voltage regime.
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and so for the superlattice. Figure 4 shows the normalized
change of dielectric constant measured at 1 kHz of the su-
perlattices and PBZ film against temperature increasing from
R.T. to 175 °C. It is confirmed that the dielectric constant of
the superlattices only insignificantly varies, but that of the
PBZ film greatly increases with raising the temperature up to
Tc for ferroelectric to paraelectric phase transition in
sPb0.75Ba0.25dZrO3, i.e., ,125 °C.26 The temperature insen-
sitivity of permittivity of the superlattices can be attributed to
the constraint against structural change for ferroelectric
phase transition in PZO layer to maintain the lattice coher-
ency with BZO layer, which would shift Tc to higher tem-
perature as observed in the KTaO3/KNbO3 sRefs. 12–14d
and BaTiO3/LaNiO3 sRef. 15d systems.
It is worth pointing out that the proposed model is valid
only for polarization reversal in Cf not reaching its saturation
value, Pf
s
. Therefore, from Eq. s5d, the nonlinearity will occur
for applied voltage larger than the limit, Va
max
,
Va
max
= 3Pf
s/Cp. s8d
For ordinary ferroelectric films, an ultrathin paraelectric
layer is often formed at the ferroelectric/electrode interface.27
The capacitance of such an ultrathin dielectric layer would
be very high and, according to Eq. s8d, the linear relation
may only occur in very low voltage regime, as observed
from the PBZ film shown in the inset of Fig. 2sbd. Contrary,
the paraelectric BZO layer in the superlattice is relatively
much thick, and, consequently, the linearity can be greatly
extended. In addition, charge compensation from carrier in-
jection to the paraelectric/ferroelectric interface should be
also prohibited. This requirement is very likely to meet for
this superlattice system since the BaZrO3 has a wide band
gap28 to suppress the carrier injection.
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FIG. 3. Stacking-period dependence of fitted dielectric constant skPZO, kPZO,
and kPZO/BZOd, measured dielectric constant skmd, and c-axis parameter of the
superlattice films.
FIG. 4. Normalized change of dielectric constant of PBZ and superlattice
films measured at 1 kHz and temperatures from R.T. to 175 °C.
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